Stefan, Norbert, Michael Stumvoll, Clifton Bogardus, and P. Antonio Tataranni. Elevated plasma nonesterified fatty acids are associated with deterioration of acute insulin response in IGT but not NGT. Am J Physiol Endocrinol Metab 284: E1156-E1161, 2003. First published February 11, 2003 10.1152/ajpendo.00427.2002-High concentrations of nonesterified fatty acids (NEFA) are a risk factor for developing type 2 diabetes in Pima Indians. In vitro and in vivo, chronic elevation of NEFA decreases glucose-stimulated insulin secretion. We hypothesized that high fasting plasma NEFA would increase the risk of type 2 diabetes by inducing a worsening of glucose-stimulated insulin secretion in Pima Indians. To test this hypothesis, fasting plasma NEFA concentrations, body composition, insulin action (M), acute insulin response (AIR, 25-g IVGTT), and glucose tolerance (75-g OGTT) were measured in 151 Pima Indians [107 normal glucose tolerant (NGT), 44 impaired glucose tolerant (IGT)] at the initial visit. These subjects, participants in ongoing studies of the pathogenesis of obesity and type 2 diabetes, had follow-up measurements of body composition, glucose tolerance, M, and AIR. In NGT individuals, crosssectionally, high fasting plasma NEFA concentrations at the initial visit were negatively associated with AIR after adjustment for age, sex, percent body fat, and M (P ϭ 0.03). Longitudinally, high fasting plasma NEFA concentrations at the initial visit were not associated with change in AIR. In individuals with IGT, cross-sectionally, high fasting plasma NEFA concentrations at the initial visit were not associated with AIR. Longitudinally, high fasting plasma NEFA concentrations at the initial visit were associated with a decrease in AIR before (P Ͻ 0.0001) and after adjustment for sex, age at follow-up, time of follow-up, change in percent body fat and insulin sensitivity, and AIR at the initial visit (P ϭ 0.0006).
increase insulin secretion in humans (3) . Moreover, short-term experimental reduction in plasma NEFA after 12-24 h of fasting has been shown to decrease glucose-stimulated insulin secretion (2, 7) in humans, indicating that NEFA play a role in sustaining ␤-cell function under this condition. Conversely, elevation of NEFA was shown to decrease glucose-stimulated (6, 18) , but not arginine-stimulated, insulin secretion in humans (5) . This concept is supported by findings in animals (24) and studies in vitro (4, 8, 26) and has been referred to as lipotoxicity (17, 29) .
In Pima Indians, insulin resistance and insulin-secretory dysfunction are independent risk factors of type 2 diabetes (14) . Moreover, high fasting plasma NEFA concentrations have been shown to be a risk factor for development of type 2 diabetes independent of adiposity and whole body insulin sensitivity. Interestingly, this predictive effect was not independent of glucose-stimulated insulin secretion (19) . Thus it can be reasoned that high plasma NEFA confer increased risk of type 2 diabetes by decreasing glucose-stimulated insulin secretion. Our longitudinal studies indicate that the transition from normal glucose tolerance (NGT) to impaired glucose tolerance (IGT) is characterized by substantial worsening in insulin-secretory function (14) . Therefore, the etiologic role of plasma NEFA concentrations on decrease in insulin secretion was examined specifically in subjects with NGT. To assess the relationship between elevated plasma NEFA concentrations and acute insulin response (AIR) in individuals with a preexisting ␤-cell defect, we performed the same analyses in subjects with IGT.
MATERIALS AND METHODS

Subjects
A total of 151 Pima Indians who were participants in ongoing studies of the pathogenesis of obesity and type 2 diabetes were included in this analysis. Some data from these individuals were included in earlier reports (19) . All subjects were between 18 and 50 yr of age and were nonsmokers at the time of the study. They were healthy according to a physical examination and routine laboratory tests. Subjects were then invited back at approximately annual intervals for repeated oral glucose tolerance tests (OGTTs) and assessment of insulin sensitivity and insulin secretion. For this analysis, the initial visit and the last visit of each subject were included. Subjects who had not been diagnosed with type 2 diabetes before the initial visit to the research clinic were selected. Because offspring of diabetic mothers were shown to have impaired insulin-secretory function (9), they were excluded from the analyses. Eight of the 107 NGT and 16 of the 44 IGT subjects were diagnosed with diabetes at their last visit. The average time of follow-up was 5.8 Ϯ 3.4 yr (means Ϯ SD), with a minimum of 0.6 and a maximum of 15 yr. Fasting plasma NEFA concentrations were available only at the initial visit. The protocol was approved by the Tribal Council of the Gila River Indian Community and by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases, and all subjects provided written informed consent before participation.
Cross-sectional analyses were carried out in all subjects at the initial visit who were characterized for plasma NEFA concentrations and had initial and follow-up measurements of glucose tolerance, percent body fat, insulin sensitivity [rate of total insulin-stimulated glucose disposal (M)], and acute insulin response (AIR).
Longitudinal analyses were performed in all subjects who had NGT or IGT (8a) at the initial visit. At follow-up, subjects had either NGT or IGT or were diabetic.
Subjects were admitted for 8-10 days to the National Institutes of Health Clinical Research Unit in Phoenix, AZ, where they were fed a weight-maintaining diet (50% of calories as carbohydrate, 30% as fat and 20% as protein) and abstained from strenuous exercise. After Ն3 days on the diet, subjects underwent a series of tests for the assessment of body composition, glucose tolerance, insulin sensitivity, and AIR.
Methods
Body composition. Body composition was estimated by underwater weighing with determination of residual lung volume by helium dilution (10) or by total body dual-energy X-ray absorptiometry (DPX-L; Lunar, Madison, WI) (15, 28) . Percent body fat, fat mass, and fat-free mass were calculated as previously described (25) , and a conversion equation (28) was used to make measurements comparable between the two methods.
OGTT and analytical procedures. After a 12-h overnight fast, subjects underwent a 75-g OGTT. Baseline blood samples were drawn for the determination of fasting plasma glucose, insulin, and NEFA concentrations. Plasma glucose concentrations were determined by the glucose oxidase method (Beckman Instruments, Fullerton, CA) in the fasting state and 2 h after glucose ingestion for assessment of glucose tolerance according to the 1997 World Health Organization diagnostic criteria (8a). Plasma insulin concentrations were determined by the modification of Herbert et al. (11) of the radioimmunoassay of Yalow and Berson (31) . Blood samples for the measurement of fasting plasma NEFA concentrations were drawn with prechilled syringes and stored at Ϫ20°C until they were analyzed according to Miles et al. (16) .
Intravenous glucose tolerance test. Early-phase insulin secretion was measured in response to a 25-g intravenous glucose bolus with calculation of the AIR as the average incremental plasma insulin concentration from the 3rd to the 5th min after the glucose bolus over baseline (14) .
Hyperinsulinemic euglycemic glucose clamp. Insulin action was assessed at physiological insulin concentrations during a hyperinsulinemic euglycemic glucose clamp, as previously described (13, 30) . In brief, after an overnight fast, a primed continuous intravenous insulin infusion was administered for 100 min at a constant rate of 40 mU ⅐ m body surface area Ϫ2 ⅐ min Ϫ1 leading to steady-state plasma insulin concentrations. Plasma glucose concentrations were maintained at ϳ5.5 mmol/l with a variable infusion of a 20% glucose solution. M values were calculated for the last 40 min of insulin infusion. M values were additionally adjusted for endogenous glucose production [measured by a primed (30 Ci) continuous (0.3 Ci/min) [3- 3 H]glucose infusion] and steady-state plasma glucose and insulin concentrations, as previously described (13) and normalized to estimated metabolic body size (EMBS ϭ fat-free mass ϩ 17.7 kg).
Statistical analyses. Statistical analyses were performed using the software of the SAS Institute (Cary, NC). Results are given as means Ϯ SD. Fasting plasma insulin concentrations, M, and AIR were logarithmically transformed to approximate a normal distribution. Because some of the subjects were related, all analyses were performed after adjustment for family membership in generalized estimating equation regression models (PROC GENMOD) of the SAS procedure that account for nuclear family membership and thus allow analyses with all individuals in a sibship (32) . A P value of Ͻ0.05 was considered to be statistically significant. Differences between anthropometric and metabolic characteristics at the initial visit and follow-up were assessed by Student's t-test. In cross-sectional analysis, the relationship between fasting plasma NEFA concentrations and AIR, adjusted for age, sex, percent body fat, and M, was examined in linear models. In prospective analyses, the predictive effect of fasting plasma NEFA concentrations at the initial visit on change (follow-up adjusted for baseline) in AIR was evaluated separately in NGT and IGT subjects who had baseline as well as follow-up measurements of percent body fat, glucose tolerance, M, and AIR by use of linear models. In these models, change in AIR was adjusted for sex, follow-up age, changes in percent body fat and M, and time of follow-up. Changes in M and in 2-h plasma glucose concentrations were adjusted for age, sex, follow-up age, and change in percent body fat.
RESULTS
Anthropometrics and metabolic characteristics of the study population are presented in Table 1 . During the initial visit, individuals with IGT were older and had higher fasting and 2-h plasma glucose and insulin concentrations and lower M than individuals with NGT. Individuals with IGT also tended to have lower AIR than individuals with NGT (P ϭ 0.09). There was no difference in fasting plasma NEFA concentrations between the two groups. Except for fasting plasma glucose and AIR in individuals with NGT and fasting glucose, fasting insulin, 2-h insulin, and M in individuals with IGT, the changes in anthropometrics and metabolic characteristics between the initial visit and the follow-up visit were statistically significant.
Individuals with NGT
In individuals with NGT, cross-sectionally, high fasting plasma NEFA concentrations at the initial visit were not associated with AIR before but were negatively associated after adjustment for age, sex, percent body fat, and M (P ϭ 0.03; Table 2 ). Longitudinally, high fasting plasma NEFA concentrations at the initial visit were not associated with change in AIR (P ϭ 0.52 before and P ϭ 0.88 after adjustment; Fig. 1A and Table 3 ). High fasting plasma NEFA concentrations at the initial visit were not associated with change in M or change in 2-h glucose (all P Ͼ 0.2).
Individuals with IGT
As expected, at the initial visit, individuals with IGT had a lower mean AIR than those with NGT before (P ϭ 0.05) and there was a trend after adjustment (P ϭ 0.09). Cross-sectionally, high fasting plasma NEFA concentrations at the initial visit were not associated with AIR before and after adjustment (all P Ͼ 0.88; Table 2 ). Longitudinally, high fasting plasma NEFA concentrations at the initial visit were associated with a decrease in AIR (P Ͻ 0.0001 before and P ϭ 0.0006 after adjustment; Fig. 1B and Table 3 ). High fasting plasma NEFA concentrations at the initial visit were not associated with a decrease in M before (P ϭ 0.13) and after adjustment (P Ͼ 0.97). High fasting plasma NEFA concentrations at the initial visit were associated with change in 2-h glucose before (P ϭ 0.07) but not after adjustment in individuals with IGT (P ϭ 0.12).
Comparisons Between Individuals with High and Low Plasma NEFA Concentrations
It is possible that high fasting plasma NEFA concentrations in subjects with IGT simply reflect other abnormalities, such as low glucose tolerance, low M, and low AIR, at the initial visit, which could explain the effect on change in AIR. Therefore, we arbitrarily divided the NGT and IGT groups at the median plasma NEFA concentrations of 323 mol/l in NGT and 368 mol/l in IGT. Differences in baseline and follow-up anthropometrics and metabolic characteristics in subjects with NGT and IGT with high vs. low plasma NEFA concentrations are shown in Table 4 . Clearly, baseline data were not different in individuals with IGT and high NEFA vs. IGT and low NEFA, especially 2-h glucose and AIR. In individuals with IGT, AIR decreased significantly in the high-NEFA group. This decrease in AIR was greatest compared with the other three subgroups (Fig. 2) . Values are means Ϯ SD. NGT, normal glucose tolerance; IGT, impaired glucose tolerance; AIR, acute insulin response; M, glucose disposal during hyperinsulinemic euglycemic glucose clamp; EMBS, estimated metabolic body size (fat-free mass ϩ 17.7 kg); NEFA, nonesterified fatty acids. Anthropometrics were adjusted for age and sex in linear models. Glucose, insulin, NEFA, and M were adjusted for age, sex, and percent body fat; AIR was adjusted for age, sex, percent body fat, and M. Statistical significance compared with NGT at the initial assessment: * P Ͻ 0.05, † P Ͻ 0.01, ‡ P Ͻ 0.001. 
DISCUSSION
We have previously established (19) that high fasting plasma NEFA concentrations are a risk factor for the development of type 2 diabetes in Pima Indians, independent of adiposity and insulin sensitivity. However, this association was not independent of AIR, suggesting that high fasting plasma NEFA concentrations may confer the increased risk of type 2 diabetes through a decrease in AIR. In subjects with NGT, we found no association between high fasting plasma NEFA concentrations and change in AIR independent of change in percent body fat and insulin sensitivity. This makes it unlikely that increased plasma NEFA concentrations represent a primary etiologic factor of ␤-cell dysfunction in the natural history of type 2 diabetes.
Nevertheless, in subjects with IGT, NEFA concentrations were significantly correlated with change in AIR, indicating that high NEFA concentrations were associated with future decreases in AIR. The different results in subjects with IGT vs. NGT may reflect the fact that subjects with IGT are in a more advanced disease stage characterized by a manifest defect in ␤-cell function that results in inadequately low insulin secretion for the level of insulin resistance (20) . It is possible that, when people reach IGT, the ␤-cell fails to prevent intracellular NEFA accumulation when plasma levels are elevated. Increased intracellular NEFA concentrations may eventually decrease glucose-stimulated insulin secretion.
This hypothesis is supported by in vitro data showing that incubation of ␤-cells with fatty acids caused both intracellular fatty acid accumulation and increased basal and decreased glucose-stimulated insulin secretion (24) . The interpretation above is also compatible with increased islet lipid contents observed in Zucker diabetic fatty (ZDF) rats immedi- Fig. 1 . Relationships between fasting plasma nonesterified fatty acid (NEFA) concentrations at the initial visit and acute insulin response (AIR) at the follow-up visit [adjusted for AIR at the initial visit, sex and age at follow-up, change in %body fat, change in rate of total insulin-stimulated glucose disposal (M), and time of follow-up] in subjects with normal glucose tolerance (NGT; A) or impaired glucose tolerance (IGT; B) at the initial visit. DIA, diabetic. ately before the onset of overt hyperglycemia (12) . Similar to the IGT group, this animal model of obese type 2 diabetes is characterized by basal hyperinsulinemia and defective glucose-stimulated insulin secretion. Conversely, diet restriction that decreased plasma NEFA concentrations and islet lipid content partially restored glucose-stimulated insulin secretion in ZDF rats. Thus increased NEFA concentrations would simply aggravate a preexisting ␤-cell defect in subjects with IGT. A hypothesis has emerged suggesting that, especially under conditions in which both glucose and lipids are plentiful, the metabolic abnormality that has been termed glucolipotoxicity will become apparent (21) . It is of note that there was a cross-sectional, but not a longitudinal, association between NEFA and AIR in subjects with NGT. We are unable to provide a full explanation for this apparent discrepancy. Generally, longitudinal analyses are considered to be more robust and to measure changes over time that cross-sectional data can only suggest. In addition, the cross-sectional effect was rather small and was detectable only after adjustment for insulin sensitivity. To better interpret the data, we ran power analyses for both the crosssectional and longitudinal analyses. We had sufficient power to detect the longitudinal associations (Ͼ0.92 for both groups). The power to detect the association in subjects with NGT in the cross-sectional analyses was 0.89. In the subjects with IGT, however, the power to detect a similar effect as in the group of subjects with NGT was only 0.48. This may explain the inconsistency of not having found a similar negative association between AIR and NEFA in subjects with IGT as was shown for the NGT group.
Against the background of our new findings, we reanalyzed the data presented in Ref. 19 by investigating whether fasting plasma NEFA concentrations predict type 2 diabetes specifically in subjects with NGT and therefore would have an etiologic role in the disease. We could include 86 subjects who developed type 2 diabetes over a mean follow-up time of 7.7 yr. Fasting plasma NEFA were predictive of type 2 diabetes when NGT and IGT were combined for the analyses but not in 46 NGT alone (data not shown).
In conclusion, our data did not confirm the hypothesis of an etiologic effect of elevated plasma NEFA on the development of type 2 diabetes, especially not one that was due to a change in AIR. In fact, we propose that chronically elevated plasma NEFA have a delete- Values are means Ϯ SD. NEFA, nonesterified fatty acids. Statistical significance (paired t-test) between initial and follow-up measurements in NGT and IGT: * P Ͻ 0.05, † P Ͻ 0.01, ‡ P Ͻ 0.001). For comparisons between basal measurements in each NEFA subgroup ( 1 general linear model), anthropometrics were adjusted for age and sex. Insulin, glucose, NEFA concentrations, and M were adjusted for age, sex, and percent body fat. AIR was adjusted for age, sex, percent body fat, and M. 
